Deviation of the ambient temperature is one of the most ubiquitous stimuli that continuously affect mammals' skin. Although the role of the warmth receptors in epidermal homeostasis (EH) was elucidated in recent years, the mystery of the keratinocyte mild-cold sensor remains unsolved. Here we report the cloning and characterization of a new functional epidermal isoform of the transient receptor potential M8 (TRPM8) mild-cold receptor, dubbed epidermal TRPM8 (eTRPM8), which is localized in the keratinocyte endoplasmic reticulum membrane and controls mitochondrial Ca 2+ concentration ([Ca 2+ ] m ). In turn, [Ca 2+ ] m modulates ATP and superoxide (O
Deviation of the ambient temperature is one of the most ubiquitous stimuli that continuously affect mammals' skin. Although the role of the warmth receptors in epidermal homeostasis (EH) was elucidated in recent years, the mystery of the keratinocyte mild-cold sensor remains unsolved. Here we report the cloning and characterization of a new functional epidermal isoform of the transient receptor potential M8 (TRPM8) mild-cold receptor, dubbed epidermal TRPM8 (eTRPM8), which is localized in the keratinocyte endoplasmic reticulum membrane and controls mitochondrial Ca 2+ concentration ([Ca 2+ ] m ). In turn, [Ca 2+ ] m modulates ATP and superoxide (O
•−
2 ) synthesis in a cold-dependent manner. We report that this fine tuning of ATP and O
2 levels by cooling controls the balance between keratinocyte proliferation and differentiation. Finally, to ascertain eTRPM8's role in EH in vivo we developed a new functional knockout mouse strain by deleting the pore domain of TRPM8 and demonstrated that eTRPM8 knockout impairs adaptation of the epidermis to low temperatures.
eTRPM8 | cold | epidermal homeostasis | calcium | mitochondria bioenergetics T he skin epidermis provides a protective barrier that guards the body against an uncongenial environment. Under the influence of a variety of ambient factors the skin epidermis undergoes continuous regeneration through so-called epidermal homeostasis (EH): the fine-tuning of the balance between proliferation, directional migration, differentiation, and death of keratinocytes. EH involves complex molecular and chemical pathways, regulating dynamic and continuous transition of keratinocytes from the proliferating state in the basal layer to the nonproliferating state in the suprabasal layer before the beginning of the differentiation in the stratum spinosum and stratum granulosum. The terminal differentiation step, characterized by keratinocyte death, transforms keratinocytes into corneocytes, which form the waterproof, mechanically resistant sheath of the stratum corneum (1) .
Deviation of the ambient temperature is one of the most important stimuli that constantly affect mammals' skin. At ambient temperatures from +10°C to +30°C, the unprotected human skin temperature settles at mean steady-state values within the range of +24°C to +33°C, respectively (2) . Temperature is perceived by thermoreceptors, the ion channels that belong to the transient receptor potential (TRP) superfamily (for review see ref. 3) . Of these, TRPV1 and TRPV2 are activated by heat (above 42°C and above 52°C, respectively) (4), whereas TRPM8 and likely TRPA1 are activated by mild (5, 6) and noxious (7) (8) (9) cold, respectively. Heatstimulated keratinocytes have been shown to secrete ATP (10) and, taking into account that purinergic receptors are expressed in keratinocytes (11) , TRPV3 is involved in a paracrine heatinduced regulator of EH. Surprisingly, Grifford et al. recently reported that local heating of human skin does not result in accumulation of interstitial ATP (12) , which refutes the significance of TRPV thermoreceptors in normal temperaturedependent EH. TRPV3 also was suggested to be important for corneocyte formation through Ca 2+ -dependent activation of cross-linking enzymes such as transglutaminase (13) (14) (15) . Apart Significance Epidermis, the outer layer of skin, is a protective barrier and a sensing interface. Although deviation of the ambient temperature is one of the most ubiquitous stimuli affecting the skin, the influence of mild cold on epidermal homeostasis is not well understood. Using a large range of techniques, we identified a novel mild-cold sensor protein in keratinocytes and demonstrate its location in the membrane of the endoplasmic reticulum, a major calcium store of the cell, which forms a Ca 2+ -permeable ion channel. Activation of this channel links the Ca 2+ release to mitochondrial Ca 2+ uptake and, thereby, modulates synthesis of ATP and superoxide involved in control of epidermal homeostasis. Molecular inactivation of this mild-cold sensor protein in mice impairs normal epidermal homeostasis.
from heat-activated TRP, no successful attempt to elucidate the role of cold-sensitive TRP channels in EH has been reported yet. The range of thermoactivation of TRPM8 channel fits well with human unprotected skin temperature, +24°C to +33°C (5, 6). Apart from the observation that topical application of TRPM8 chemical agonists can improve epidermal regeneration (16) , no solid evidence for the expression of functional TRPM8 in epidermal keratinocytes has been presented yet and no alterations in epidermal homeostasis have been reported in trpm8 −/− null mutant mice suppressing the full-length TRPM8 cold receptor (17, 18) . However, suppression of the full-length TRPM8 expression does not necessarily affect expression of TRPM8 isoforms (19) .
Here we report the cloning and characterization of a new fourtransmembrane domain epidermal isoform of the TRPM8 cold receptor channel, dubbed epidermal TRPM8 (eTRPM8). We demonstrate that eTRPM8 is localized and functions in the keratinocyte endoplasmic reticulum (ER) membrane where its activation within ER-mitochondria contact sites sustains mito- 
Results and Discussion
Novel TRPM8 Isoform Identified in Human Keratinocytes Is Composed of Four Transmembrane Domains. Using differential PCR screenings to characterize TRPM8 mRNA in human keratinocytes, we found that in both the HaCaT human keratinocyte cell line and human normal epidermal keratinocytes (hNEKs) TRPM8 mRNA is 5′ truncated. Indeed, in both cell types, PCR analysis reported the product of amplification of the pore-encoding mRNA region, but not exons 2-7 or exons 11-14 in the 5′ region of TRPM8 mRNA (Fig. 1A) . Controls on primary prostate epithelial cells (PrPEs) were positive for all three regions tested, which validates the primers used for the detection of the classical TRPM8 mRNA. This demonstrates that the classical full-length TRPM8 is not expressed in keratinocytes. This conclusion was confirmed further by Western blot analysis that demonstrates the classical TRPM8 (the 130-kDa doublet) in total protein extract from human prostate, but not from hNEK and HaCaT cells (Fig.  1B) . The 5′-RACE PCR, performed from pore-encoding exon 20, revealed a new alternate starting exon, labeled 15a. It was located upstream and was adjacent to core exon 15, which was renamed 15b, respectively (Fig. S1A ). Internal quality control for the RACE PCR was performed with the cloning of the 5′ extremity of classical TRPM8 mRNA in human prostate. We succeeded in amplifying 2,900 bp (GenBank accession no. KC692993) and improved the definition of the first transcribed nucleotide (+1) of the TRPM8 mRNA, because we detected 10 additional bases upstream of the published +1 (NM_024080.4). This makes the new +1 nucleotide located 25 bases downstream of the TATAA box. Although the previously published +1 nucleotide was identified as located 35 bases downstream (20) , this does not match the consensus distance between the TATAA box and +1 (from 15 bp to 25 bp). As presented in Fig. S1A , two sequences were cloned from hNEK mRNA: an alternate TRPM8 mRNA from exon 15a to exon 26, labeled TRPM8(15a) (GenBank accession no. KC692994), and a splice variant of this alternate mRNA with skipping of exon 16, labeled TRPM8(15a/ δ16) (GenBank accession no. KC692995). TRPM8(15a) was found in human prostate, testis, skin, and brain, whereas TRPM8 (15a/δ16) was detected in human skin and colon (Fig. 1C) . Quantification of TRPM8(15a) mRNAs in keratinocytes demonstrated a similarly low level of the mRNAs in the HaCaT cell line and basal hNEKs, whereas induction of hNEKs (Materials and Methods) was associated with a significant increase in the level of TRPM8(15a) mRNAs (Fig. S1B) . Furthermore, we verified eTRPM8 expression in human epidermis with in situ hybridization and immunohistofluorescence. In situ hybridization showed a positive detection of the pore-encoding region in epidermis, specifically with the antisense probe (Fig. S1C) . Immunodetection of eTRPM8 with the antibody against the P loop of the TRPM8 channel confirmed epidermis-specific expression of eTRPM8 showing a marked increase of the channel expression in differentiated layers of epidermis (Fig. 1D) .
Surprisingly, the putative ORFs of the two mRNAs were quite similar; however, TRPM8(15a/δ16) revealed an additional longer ORF (Fig. S1A) . After quantification of TRPM8(15a) mRNA and TRPM8(15a/δ16) mRNA intensities with a gel imager, TRPM8 (15a) in skin was about four times more expressed than its splice form, and we focused on TRPM8(15a) and defined its putative protein as epidermal TRPM8 (eTRPM8). Note that 5′ truncation removes the first 14 exons (Fig. S1A) , which indicates that the two longest, putative ORFs encode four-transmembrane domain (4-TD) proteins, including TD3-6 and the P-loop-forming pore segment, with molecular masses of 40.94 kDa and 35.77 kDa, respectively (Fig. S1D) . Immunoblotting of wild-type (WT) eTRPM8 or HA-tagged eTRPM8 expressed in HEK cells revealed a major 39-to 40-kDa doublet and a minor 35-to 36-kDa doublet (Fig.  1E) , which are referred to as eTRPM8-40 and eTRPM8-36, respectively. Native eTRPM8 expression was confirmed in two independent hNEK samples ( Fig. 1F ) and it should be noted that a rather low level of protein expression correlates with a low level of eTRPM8 mRNA in keratinocytes.
Cold (<32°C) and cooling agents, such as menthol and icilin, activate the TRPM8 channel (5, 6) . Although the precise position of the menthol and icilin binding sites in classical TRPM8 is not yet clearly identified, there is growing evidence that both agonists interact with transmembrane domains 3 and 4 of the channel (reviewed in ref. 21 ). This indirectly suggests that both agonists may bind to eTRPM8. In addition, because the cold sensor domain is located in the carboxy-terminus of classical TRPM8 (22) , it is likely that eTRPM8 may function as a cold-sensitive protein. Nevertheless, no changes in transmembrane ion currents, recorded under whole-cell voltage clamp in eTRPM8-expressing HEK cells, were detected in response to cold, menthol, or icilin. This ruled out eTRPM8 as a plasma membrane functional channel. Based on our previous findings (19) we hypothesized that, similarly to TRPM8 in prostate cancer cells, eTRPM8 in keratinocytes may function as the ER Ca 2+ -release channel. To test this hypothesis, we first conducted double immunostaining of eTRPM8 and the ER protein calnexin. This revealed (Fig. S2 ) that eTRPM8 clusters coincide with the ER elements in CTL and eTRPM8-overexpressing HaCaT cells and in hNEKs. Because eTRPM8 is expressed in the ER of keratinocytes, to measure eTRPM8-mediated single-channel current we conducted patch-clamp recording on the giant unilamellar vesicles (GUVs) containing the proteins extracted from the ER membrane fractions of HEK293 cells expressing eTRPM8 ( Fig. 1 G-L) .
Biophysical properties of the single-channel activity measured under these conditions were characteristic of the TRPM8 channel: (i) single-channel conductance of 63.1 ± 2.4 pS and dependence of P open on applied voltage at 20°C, basal and in response to menthol, as well as at 37°C (n = 33, 37, and 5); (ii) sensitivity to all currently known specific activators and inhibitors of TRPM8; and (iii) PiP 2 dependence. The single-channel current was activated by 10 μM icilin (n = 16), 500 nM ws-12 (23) (n = 18), or 200 μM menthol (n = 31); required the presence of PiP 2 in GUVs; and was blocked by 10 μM BCTC (n = 13). Stimulation with these activators of the patches made to the GUVs prepared from cells expressing the empty vector (n = 290) or nonfunctional mutant eTRPM8(Y148A) (n = 258) failed to induce the single-channel activity.
Thus, we have cloned a new kind of TRP channel, eTRPM8, which, in contrast to all previously known members of the TRP family, has the 4-TD structure. Furthermore, we demonstrated that keratinocytes express eTRPM8 instead of classical TRPM8, which raised the question about its role in epidermal homeostasis. 
Several trpm8
−/− mouse strains have been generated by deletion of either the first translated exon or exons in the first half of the TRPM8 sequence (17, 18) . These mutations, however, did not target the pore region and, therefore, failed to suppress eTRPM8 expression and activity. In contrast, based on our previous detection of amino-terminal truncated TRPM8 isoforms (19) , we have designed a functional KO mouse line by deleting exons 18, 19, and 20, which encode the active pore domain ( Fig. 2A and Fig.  S1A ). Here we assessed the expression of mouse orthologous eTRPM8. PCR amplification of TRPM8(15a) was successfully achieved from exon 16 to exon 23 in total mRNA extracts (Fig.  2B) , not only from skin sections of wild-type mice but also from primary culture of wild-type mouse keratinocytes (WT mPK) grown with 2% FCS + 1.8 mM Ca 2+ (24) . This implies that eTRPM8, detected in the skin sections, is hosted by keratinocytes. Moreover, the lack of amplification products for exons 14-23 is indicative of truncation of the first half of the 5′ exon characteristic of the eTRPM8 sequence. Specificity of TRPM8 detection was validated in the samples from TRPM8 KO mice that do not express TRPM8. Finally, we checked eTRPM8 protein expression in freshly isolated mouse keratinocytes (FIMKs) and detected a doublet of protein near 39 kDa from WT cells, which was not present in FIMK from trpm8 −/− mice ( Fig. 2C ). To address involvement of eTRPM8 in EH we tested whether eTRPM8 KO would impair EH. Immunohistofluorescence analysis revealed a significant decrease of the number of proliferating cell nuclear antigen (PCNA) positive cells in trpm8 −/− basal/ suprabasal compartments (B/SbS) labeled with keratin 5 (K5) ( Fig. 2 D and E) . This suggests that the proliferation level of the stratum basale (SB) is impaired in eTRPM8 KO epidermis. Because suppression of the channel pore region abolishes the activity of both eTRPM8 and classical TRPM8, to eliminate any possible involvement of the TRPM8 KO in the measurements (even though we obtained no evidence for the TRPM8 expression in keratinocytes) we conducted additional control experiments on the trpm8 −/− (DJ) mouse strain, where only classical TRPM8, but not eTRPM8, is suppressed (Fig. 2F) . No changes in the proportion of PCNA positive cells in comparison with that in WT mice were detected in these experiments (Fig. 2G) . Furthermore, measurements of the thickness of the different epidermal layers (Fig. 2 D and G) revealed a significant increase of B/SbS, no change in stratum spinosum (SS) plus stratum granulosum (SG), and a significant decrease of the SG. These data indicate that the SS thickness is increased in proportion to the decrease of the SG thickness, so that total thickness of the two layers remains unchanged. The observed alterations were further confirmed by assessing the percentage of FIMKs positive for a specific epidermal layer marker ( Altogether, our data in the trpm8 −/− mouse model demonstrated an impairment of EH, which was characterized by the decrease of proliferation rate and accumulation of keratinocytes Numbers on the images depict the following: 1, dermis; 2, basal layer of epidermis; and 3, spinal and granular layers of epidermis. (Scale bar: 5 μm.) (E) Wild-type eTRPM8 and HA-tagged eTRPM8 (WT eTRPM8 and eTRPM8-HA, respectively), detected with anti-TRPM8 antibody in total protein extract from HEK cells, show a strong doublet at 39-40 kDa and much weaker doublet at 35-36 kDa. β-actin was used as a control of the protein loading. Immunoprecipitation with anti-HA antibody followed by immunoblotting with anti-TRPM8 antibody (E, Right, IP: HA) confirms specificity of both doublets and invalidates nonspecific bands between 55 kDa and 70 kDa. The same results were obtained in three independent samples. (F) Native eTRPM8 protein detected with anti-TRPM8 immunoblotting in two independent samples (hNEK-1 and -2) of the induced hNEKs. β-actin was used as a control of the protein loading. (G and H) Sample activity of eTRPM8 in response to application of 10 μM icilin, 500 nM ws-12, and 200 μM menthol, as well as inhibition by 10 μM BCTC, with levels of eTRPM8 activity summarized in H. in basal/suprabasal layers and early SS paralleled with a partial depletion of the cells in SG and SC. We therefore have concluded that eTRPM8 is an important modulator of EH. This prompted us to study molecular mechanisms of eTRPM8-dependent EH regulation. (Fig. 3A) were virtually abolished (Fig. 3C ) in mPKs from trpm8 −/− mice (Fig. 3B) , whereas the transients observed in control HaCaT cells (Fig. 3D) were significantly augmented (Fig.  3F ) following eTRPM8 overexpression (Fig. 3E) ] m transients ( Fig. S3 A and B) , which correlates with elevation of eTRPM8 protein expression (Fig.  1D) . The sensitivity of eTRPM8 to menthol, icilin, cold, and WS-12 (synthetic TRPM8 agonist) was further confirmed by widefield microscopy of the fura-2 responses (Fig. S3 C and D ] ER in response to 10 μM icilin, observed in control HaCaT cells, was abolished following eTRPM8 knockdown (KD), achieved by transfection of HaCaT cells with shRNA targeting the eTRPM8-pore-encoding sequence (shM8). Mitochondrial origin of rhod-2 signal was confirmed by visualization of the mitochondria with MitoTracker Green FM (Fig. S2F) .
Another line of evidence, confirming that eTRPM8 functions as a Ca 2+ -permeable channel, was derived from the experiments on mutation of the channel pore region. We generated a porekiller mutant of a classical TRPM8 channel by substituting tyrosine 905 with alanine that completely abolished the current through the homotetrameric channel and had a partial dominant-negative effect (Fig. S4A) . By analogy, we created an identical pore-killer mutant for eTRPM8, eTRPM8(Y148A), and overexpressed it in HaCaT cells. In this experimental model no Ca 2+ release from the ER and concurrent mitochondrial Ca 2+ uptake was ever observed (Fig. S4B) , whereas the protein expression was confirmed in Western-blot experiments. This implies that the pore-killer mutation abolishes the channel activity of eTRPM8, as it does in classical TRPM8 (Fig. S4A) , and further confirms that the ER Ca 2+ release leading to mitochondrial Ca 2+ uptake is mediated via eTRPM8 (Fig. S4B ). This suggests tight coupling between the ER and mitochondria, which facilitates mitochondrial Ca 2+ uptake either by robust increase of Ca 2+ concentration in the ER mitochondria "nanodomains" (26) or via direct "Ca 2+ tunneling" from the ER to mitochondria (27) . Immunofluorescence detection of native eTRPM8 in HaCaT cells, overexpressing DsRed targeted to mitochondria, revealed that eTRPM8 foci surround mitochondria (Fig. 3G) . More evidence that eTRPM8-enriched ER elements are tightly coupled to mitochondria was obtained from the analysis of motility of the ER elements and mitochondria in living HaCaT cells (Movies S1 and S2). This revealed extremely high correlation in the step-by-step displacements of the ER element, visualized either with Brefeldin A BODIPY staining ( Fig. 3H ; n = 8) or following eTRPM8-mTurquoise2 expression ( Fig. 3I ; n = 10), and the adjacent mitochondrion. The coordinated motility of the organelles indicates that mitochondria are "anchored" to the adjacent eTRPM8-enriched ER elements.
Taken together, the above results imply that eTRPM8 is an ER functional channel, which, forming calcium nanodomains, couples the ER Ca 2+ release to mitochondrial Ca 2+ uptake in keratinocytes. We therefore analyzed the downstream molecular events engaged by eTRPM8 activation. ] m (Fig. 4A ), which correlates with a 40% fall in steady-state [ATP] m detected with mitochondrial luciferase (Fig. 4B) . Mitochondrial ATP is thought to represent between 40% and 60% of total cell ATP, depending on cell model and physiology. We therefore expected that the eTRPM8-dependent mitochondrial ATP synthesis would have a global impact on cell energy stores. Consistent with this, measurements of total intracellular ATP content ([ATP] i ) in the eTRPM8 KD HaCaT cells and mPKs from trpm8 −/− mice revealed a significant decrease compared with that in the respective controls (Fig. 4 C and D, Left) .
Apart from being involved in all energy-dependent cellular processes, ATP is excreted as paracrine/autocrine messenger, which may contribute to EH. Indeed, purinergic receptors are expressed in the plasma membrane of keratinocytes and their activation modulates proliferation (34) . Altogether these data demonstrate that eTRPM8 is involved in modulation of mitochondrial ATP synthesis that defines both intra-and extracellular ATP concentration at 37°C.
As eTRPM8 is a cold sensor, we tested whether mild cold could stimulate ATP production. The notion that ATP production could be enhanced by cold seems to be counterintuitive, because it is well appreciated that the optimal temperature for enzyme activity is 37°C. To verify whether keratinocyte metabolism is sensitive to acute and chronic cold as expected, we assessed the temperature dependence of the total DHase activity in hNEKs and found that total DHase activity is gradually reduced during acute cooling for 1 h (Fig. 4E) . Conversely, keratinocyte acclimatization to cold within 24 h prior to measuring total DHase activity at 37°C revealed no difference in DHase activity in keratinocytes grown at 37°C. This suggests that intrinsic temperature dependence of the enzyme activity dominates and masks a much weaker, if any, effect of the keratinocyte adaptation on DHase activity (i.e., increased expression, protein modifications increasing activity). We therefore assessed ATP content in the culture medium of control HaCaT cells grown at temperatures of 37°C, 31°C, and 25°C for 24 h. This revealed no statistically significant alterations of [ATP] e (Fig. 4F) , which is hardly consistent with the notion of decreased global metabolism at lowered temperatures. Overexpression of eTRPM8 increased [ATP] e relative to control HaCaT cells at all tested temperatures, whereas eTRPM8 knockdown (shM8) had an opposite effect. It is noteworthy that overexpression of the eTRPM8 pore-killer mutant [eTRPM8(Y148A)] reversed the effect observed with overexpression of functional eTRPM8, suggesting that eTRPM8 channel activity is required for full-scale ATP production, especially under mild-cold conditions. Nevertheless, the [ATP] e levels, observed in control HaCaT cells and following eTRPM8 (Y148A) expression, were not statistically different, suggesting that the mutant is not negative dominant (Fig. 4F) . Unexpectedly, [ATP] e in control mPKs gradually decreased with cooling and was reduced in mPKs from trpm8 −/− mice with a maximal drop (about 50%) at 31°C (Fig. S5A) . In contrast, [ATP] e in hNEKs increased with cooling at 31°C and was reduced by siTRPM8 expression (Fig.  S5B) . Thus, all cell models tested support the notion that eTRPM8 is involved in control of ATP synthesis. Despite the difference in temperature dependence of [ATP] e in different cell models, reflecting some contribution of eTRPM8-independent mechanisms, the impact of eTRPM8 on ATP synthesis was always maximal around 31°C (Fig. 4G) and correlated with an eTRPM8-dependent fraction of [Ca 2+ ] m (Fig. 4G, Inset) . Although an increase in the eTRPM8-dependent fraction of [ATP] e at 31°C can be attributed to elevation of the mitochondrial ATP synthesis boosted by the uptake of Ca 2+ released from the ER via activated eTRPM8, subsequent decrease of this fraction at 25°C cannot be explained by temperature dependence of TRPM8 and likely reflects an intrusion of a different mechanism, which decreases ATP synthesis despite elevated mitochondrial Ca 2+ uptake. One of the possible candidates for such a mechanism is mitochondrial superoxide (O
•−
2 ) production, which was reported to correlate well with metabolic rate (35, 36) . It should be emphasized that keratinocytes are more prone to O
•− 2 accumulation than other cell types due to reduced superoxide dismutase (SOD) activity (37) . 2 accumulation, estimated as mass of MitoSOX fluorescent signal per second following icilin application, was found to be 9 times higher in eTRPM8-overexpressing HaCaT than control HaCaT cells (Fig. 5C ) and 7.5 times lower in mPKs from trpm8 −/− mice than in WT mPKs (Fig. 5D) .
As natural stimulus-activating TRPM8 is cold, and because long-term incubation of keratinocytes in mild-cold conditions affects the ATP content (see above), we also tested the effect of long-term cooling on O
•− 2 accumulation in different keratinocyte models, using CellRox Deep Red Reagent, a nonspecific reactive oxygen species (ROS) probe, previously reported to be confined to the cytosol. In contrast to that reported previously, we found that this probe accumulates in mitochondria, because it was colocalized with mitochondria-targeted GFP (Fig. S6B) . Furthermore, we detected that CellRox Deep Red Reagent fluorescence decreased with increasing concentration of hydrogen peroxide, H 2 O 2 ( •− ] in living hNEKs (Fig.  5E ) or HaCaT cells (Fig. 5F ) after 72-h or 24-h culturing at 37°C, 31°C, or 25°C. The hNEKs were transfected either with control siRNA (siLuc) or with siRNA targeting the pore-encoding sequence of TRPM8 (siTRPM8), whereas HaCaT cells were transfected with empty vector (CTL), eTRPM8 plasmid, or eTRPM8 + SOD1 plasmids. Imaging of CellRox Deep Red fluorescence was performed using a confocal microscope equipped with a CO 2 incubator. The O (Fig.  5E and Fig. S6E ). Bearing in mind that O
suppresses O
•− 2 content depends on both its synthesis and dismutation by superoxide dismutases, we tested in HaCaT cells whether the effect of eTRPM8 overexpression can be reversed by overexpression of the Cu/Zn superoxide dismutase (SOD1). This revealed that significant increase of O
•− 2 accumulation caused by eTRPM8 overexpression at all temperatures tested was partially reversed by concomitant overexpression of SOD1 (Fig. 5F ). Furthermore, SOD1 overexpression suppresses cold dependence of O
•− 2 accumulation, thus suggesting that the balance between O
•− 2 dismutation and synthesis remains the same regardless of the temperature. However, simultaneous overexpression of eTRPM8 and SOD1 resulted in a small but significant increase of O
•− 2 accumulation relative to cells transfected with empty vector (CTL) at all tested temperatures. This suggests that, with gradual cooling, elevation of eTRPM8 activity progressively overrides a native SOD activity, whereas when SOD1 is overexpressed, a colddependent increase of TRPM8 activity is masked.
Altogether, our data demonstrate that activation of eTRPM8 in the ER leads to the increase of [Ca 2+ ] m that consequently enhances ATP and O •− is involved in keratinocyte differentiation. Indeed, SOD1 was shown to be expressed in the basal layer, but to disappear in differentiated layers of epidermis (40) . Based on this observation the authors speculated that in proliferating keratinocytes (which have elevated energy metabolism) SOD1 serves to maintain O
•− 2 at a low level and, thereby, to protect the cells from oxidation, whereas in differentiated cells (which have low energy metabolism) enhanced accumulation of O
•− 2 and perhaps peroxinitrites, resulting from down-regulation of SOD1, may be involved in regulation of keratinocyte differentiation. The latter was further supported by observation of correlation between ROS concentration and degree of keratinocyte differentiation (41, 42) . We therefore hypothesized that eTRPM8-dependent production of both ATP and O
•− 2 may control the proliferation/ differentiation balance of keratinocytes. To test whether background, nonstimulated eTRPM8 activity at 37°C is relevant to EH, hNEKs transfected with either control siRNA or anti-TRPM8 siRNA were subjected to a growth assay at 37°C. The eTRPM8 KD hNEKs showed reduced growth rate in virtual absence of apoptosis (less than 1%), suggesting that lack of eTRPM8 suppresses proliferation (Fig. 6A) . Assessment of thermosensitivity of keratinocyte proliferation revealed that control HEKs showed gradual decrease of growth rate with cooling, as expected, whereas eTRPM8 knockdown reduces the proliferation rate only at 37°C (Fig. 6B) , consistent with the notion that eTRPM8 activity at 37°C encourages proliferation. eTRPM8 overexpression did not modify the growth at 37°C, but significantly suppressed it at 25°C. The latter was reversed by concomitant overexpression of SOD1, thus suggesting that the effect was mediated by O
•− 2 ( Fig. 6 B and C, Center and Right). Conversely, eTRPM8+SOD1 cotransfection reduced proliferation at both 37°C and 31°C, compared with control and eTRPM8-overexpressing cells. Paradoxically, even though eTRPM8+SOD1-overexpressing cells had higher ATP content than both control cells and eTRPM8-overexpressing cells at 37°C (Fig. 6C, Left) , their growth rate was significantly reduced (Fig. 6C, Right) .
To assess the extent of eTRPM8 recruitment to keratinocyte proliferation in vivo, we examined whether cold/menthol stimulation of mouse epidermis would affect cell proliferation in SB. As most of mouse skin is protected from variations of ambient temperature by fur, which acts as a thermal insulator, we shaved the two sides of mice but kept the fur on the back, as a control. We applied 1 mM of menthol twice a day for 3 wk on the right side, whereas the left side remained untreated. Furred back skin was shaved after mice were euthanized, and three skin samples were ] was assessed in living hNEKs after 72 h culturing at 37°C, 31°C, or 25°C, using CellRox Deep Red Reagent. Cells were transfected either with control siRNA (siLuc) or with siRNA targeting the pore-encoding sequence of TRPM8 (siTRPM8). For each temperature and siRNA condition the measurements were performed in three Petri dishes, sequentially mounted on the microscope stage at the ambient temperature corresponding to the preincubation temperature. In each Petri dish confocal imaging of CellRox Deep Red fluorescence was performed from four fields of view, 230 × 230 μm (1,024 × 1,024 pixels) each. The O 2
•− -specific increases in the CellRox Deep Red signal mass (Materials and Methods) for each condition were averaged, normalized to the mean value detected at 37°C in siLuc-transfected hNEKs, and compared. (F) The same as E, but for HaCaT cells transfected with empty vector (CTL), eTRPM8 plasmid, or eTRPM8 + SOD1 plasmids and cultured for 24 h at 37°C, 31°C, or 25°C. The data were normalized to the mean value detected at 37°C in HaCaT cells transfected with empty vector and compared. Note that the differences between corresponding values for different expression conditions (E and F) are statistically significant at all three temperatures tested with P < 0.05. Experiments in E and F were performed three times and include more than 200 cells per experiment. + cells. In control conditions (unshaved mice), this ratio was significantly reduced in trpm8 −/− epidermis, which reveals a TRPM8-dependent, cold-independent regulatory component of keratinocyte proliferation. We also detected a significant decrease of this ratio in shaved trpm8 +/+ epidermis and its further reduction in shaved trpm8 +/+ epidermis subjected to menthol treatment (Fig. 6D) , which demonstrates that cooling reduces proliferation in vivo. It should be emphasized that in all skin samples from trpm8 −/− mice this ratio was reduced to the same extent, independently of shaving and menthol treatment. This result suggests that the decrease of the keratinocyte proliferation rate in vivo in response to cooling cannot be explained solely by customary temperature dependence of metabolic rate. Altogether, these results confirm that in vivo mild cold reduces the number of proliferating keratinocytes in an eTRPM8-dependent manner. Nevertheless, variations in the number of PCNA + cells can be explained by either slowing down of the cell cycle or an increase of proliferation rate. The effect of eTRPM8 knockdown in HaCaT cells at 37°C on cell growth (Fig. 6B ) undoubtedly favors the second hypothesis and confirms that eTRPM8 expression is required for full-scale proliferation of basal keratinocytes at 37°C and that mild cold reduces the proliferation rate of keratinocytes in a TRPM8-dependent manner. Regardless of the mechanism linking eTRPM8 expression to full-scale keratinocyte proliferation, reduction of keratinocyte proliferation rate may involve two different mechanisms: cell cycle arrest associated with quiescence phase or induction of differentiation.
Stimulation of eTRPM8 with Mild Cold Induces Keratinocyte Differentiation. Upon quantification of the differentiation rate in 2D cultures of keratinocytes several issues have to be taken into account. First, it relies on the assumption that the initial proportion of different keratinocyte phenotypes (basal, spinous, granular, corneocytes) is well defined and constant in all Petri dishes. Second, induced changes in the proportion of the keratinocyte phenotypes, interpreted as differentiation, are generally assessed with a Western blot. This procedure, however, gives information on the total expression of the so-called differentiation markers in the cell population, but does not provide any information on either the number of cells in each phenotype or the mean expression level of differentiation markers in single cells. Third, on many occasions, quantification of the differentiation rate is based on detection of early differentiation markers only. Therefore, to quantify eTRPM8-linked cold dependency of the keratinocyte differentiation, we recently showed the efficiency of flow cytometry (24) , as in the case of keratinocytes freshly isolated from mouse skin (Fig. 2G) . Although the experiments were conducted with simultaneous detection of two of four markers (Fig. S7) , to simplify visualization, the data are presented in charts showing the relative proportion of cells expressing one marker. Surprisingly, about 90% of cultured keratinocytes revealed the expression of basal markers K5 and K14, whereas less than 10% of the cells expressed differentiation markers K10 and INV. This could explain why we failed to detect any specific alterations of basal marker expression in HaCaT cells (Fig. 6E) and hNEKs (Fig. 6F ) incubated at 31°C, even though when cells were incubated at 25°C, a significant decrease in the expression of these markers was observed. Intriguingly, in the case of eTRPM8 overexpression there were more K10-positive HaCaT cells at 37°C than at 31°C, whereas in the case of concomitant overexpression of SOD1 the situation was the opposite. This suggests a permissive role of O 2
•− in early differentiation. This hypothesis is supported by the observation that progressive cooling causes a gradual increase of K10 expression in hNEKs, which are known to express endogenous SOD1 at an early stage of differentiation. Expression of the late SS and SG INV marker was found to be weakly dependent on eTRPM8 expression and stimulation with mild cold. In contrast, the size fraction of cells with the granular marker, FLG, depended strongly on eTRPM8 expression/activity and showed a bell-shaped cold sensitivity with an optimum at the human physiological skin temperature of about 31°C. Note that this bell-shaped cold sensitivity in the eTRPM8-overexpressing HaCaT cell population is identical to that of hNEKs. Furthermore, this cold sensitivity correlates with the cold sensitivity of ATP synthesis, suggesting that terminal differentiation of keratinocytes is a highly ATP-dependent process. These data together demonstrate that eTRPM8 is involved in the differentiation of keratinocytes not only in mouse (Fig. 2G ) but also in human (Fig. 6 E and F) epidermis and conveys cold sensitivity of this process.
In conclusion, we have characterized a new archetype of the TRP channel encoded by a single gene. This channel is a TRPM8 isoform expressed in the endoplasmic reticulum of keratinocytes and serves as a central element of signaling pathways engaged in cold sensitivity of EH. Our results revealed a key role of eTRPM8 in keratinocyte bioenergetics: arbitration of the keratinocyte proliferation/differentiation balance (within the range of mild cold temperatures) via orchestrating the Ca (Fig. S8 and SI Results and Discussion). This eTRPM8-mediated temperature-dependent energy metabolism and signaling in keratinocytes might provide skin with the capacity to adapt to large variations of environmental temperature.
Materials and Methods
Cell Culture. See SI Materials and Methods.
Establishment of trpm8
−/− Mice. To suppress ion channel activity of every channel-like TRPM8 isoform, we inserted LoxP sites with homologous recombination in introns 17 and 20. This ultimately led to a 2,500-bp deletion including exons 18-20, which encode transmembrane domains 3-5 in addition to the first part of the P loop of the TRPM8 channel. Please refer to SI Materials and Methods for extended description of the methods. This study was carried out in strict accordance with the French Law (Articles R214-117 to 121 of the rural code) and recommendations in the Guide for the Care and Use of Laboratory Animals (www.recherche-animale.org).
Molecular Biology and Biochemistry. See SI Materials and Methods and Table S1 .
Electrophysiology. See SI Materials and Methods.
Visualization of the ER and Mitochondria. See SI Materials and Methods. Data Analysis and Statistical Procedures. Each experiment was repeated at least three times independently. Data are expressed as mean ± SD when not indicated in legends. The data were analyzed and graphs plotted using Origin 5.0 software (Microcal). InStat3 (GraphPad Software) was used for statistical analysis and the mean values were compared using either an unpaired t test with Welch's corrected test (two groups) or a one-way ANOVA with a Dunnett multiple-comparison posttest (three or more groups). Statistical significances were as follows: *P < 0.05, **P < 0.01, and ***P < 0.001. Smooth curves on the graphs were obtained by interpolation of data points, using a parametric Lagrange seconddegree polynomial: parabola for interpolation of three data points.
